Abstract-A thermooptic (TO) phase shifter consisting of a thin film heater on the top of a loaded stripline silica waveguide on a silicon substrate is shown to exhibit faster time response than reported for phase shifters based on a buried silica waveguide configuration. The rise time was measured to be 0.24 ms, which is in good agreement with calculated thermal distributions in the structures. The lateral heat diffusion distance in the loaded stripline structure is shown to be smaller than in buried waveguide structures. This implies small thermal crosstalk and suggests a high-level integration of adjacent waveguides.
I. INTRODUCTION
N general, glass has a temperature-dependent refrac-I tive index which is known as the thermooptic (TO) effect. Active optical glass waveguides utilizing the (TO) effect such as modulators and switches have been demonstrated [1]- [4] . In particular, a TO phase shifter is an important component for making silica-based integrated optical circuits on silicon substrates, where it is used in Mach-Zehnder optical multiplexers/demultiplexers and switches [5] .
Conventional TO phase shifters consist of a thin film heater deposited on top of the cladding of a buried channel waveguide which provides a refractive index change [4] . Since the thermal conductivity is larger in glass than in air, the heat will be conducted to the silicon substrate which acts as a heatsink in this configuration.
One of the problems with these TO phase shifters, however, is the relatively large power consumption and lateral heat diffusion in the glass, leading to a temperature rise of the sample and thermal crosstalk between two adjacent waveguides [4] . This paper describes a TO phase shifter implemented as a silica-based single-mode loaded stripline waveguide on a silicon substrate. In loaded stripline waveguides, a narrow thin film heater can be employed which ensures lower power consumption and less lateral heat diffusion than in buried waveguides. For the TO waveguide phase shifter reported here, the time response and the frequency response have been determined and the electrical power required for a 7~ phase shift of the light guided in the waveguide has been measured by means of an external Mach-Zehnder interferometer. The lateral heat diffusion from the core region under the heater has been calculated and it is shown to be less than in a buried configuration.
STRUCTURE AND EXPERIMENTS
The TO phase shifter is fabricated as a single-mode silica-based loaded stripline waveguide with a chrome heater element on the top. The silica structure, supplied by Photonic Integration Research Inc., USA, consists of three layers deposited on a silicon wafer by Flame Hydrolysis Deposition. A cross section of the phase shifter is shown in Fig. 1 . The load is 7 p m thick and 14 p m wide, the thicknesses of the core layer and the cladding layer are 6 p m and 20 pm, respectively. The loads of the waveguides were made using reactive ion etching and a 0.44 p m thin chrome film was used as an etch mask. Thus, the thin film heater was formed as a self-aligned structure on top of the waveguide load. The heaters were 5 mm long and 14 p m wide, corresponding to the width of the waveguide load, and the electrical resistance of the heater was measured to be 1.56 klR. The losses in the waveguides were measured to be 6.9 dB/cm for TE polarization, and larger than 30 dB/cm for TM polarization. For TE polarization, the high losses are due to a rough surface at the interface between the glass and the air caused by the etch process. By optimizing the etch process to eliminate the surface textures the losses can be reduced substantially [61. For TM polarization, the additional losses are caused by the metal on top of the load.
In order to measure the thermally-induced phase shift, the TO waveguide phase shifter was placed in one arm of an external Mach-Zehnder interferometer. A GaInAsP laser with a wavelength of 1.55 p m was used as the light source and the output light of the waveguides was detected by a GaInAs photodiode. Two types of experiments were carried out. In the first experiment, the frequency response of the TO phase shifter was determined by applying a triangular-wave voltage to the heater, and the phase shift was measured as a function of the applied electrical power. By tuning the frequency of the applied electrical power, the frequency characteristics were determined. The peak-to-peak voltage was set to 30 V and the frequency range was from 100 Hz to 2 kHz. In the second experiment, the time response of the TO phase shifter was determined by applying a voltage pulse to the heater. The pulse was a square pulse with a 7.5 V or 10 V amplitude, a frequency of 25 Hz, and a duty cycle of 7.5%, giving a pulse width of 3 ms.
THERMAL ANALYSIS AND MEASUREMENTS
A simple model can explain the dynamic behavior of the heat flow in the TO waveguide phase shifter. The heat from the chrome film diffuses into the silica glass, the air, and the silicon substrate. Because of the large thermal conductivity of silicon compared to silica and air, the substrate can be considered a perfect heat sink [4] . The air above and surrounding the phase shifter has a low thermal conductivity compared to chrome and glass, and the heat flow into the air can therefore be neglected. The thickness of the heater is much smaller than the thickness of the glass and the heat capacity of the film heater can therefore also be neglected. Using these assumptions, the temperature can be calculated using a finite difference method [7] .
In the calculations, the applied electrical power was set equal to 0.5 W, which is a typical value to obtain a rr phase shift of the light, and the temperature of the silicon substrate was kept constant at 300 K. The power consumption required for a rr phase shift in the loaded stripline configuration was measured to be 0.4 W, which is similar or better than reported in [4] . Material constants are the thermal conductivity of glass K = 1.40 W/mK [81, the specific heat of glass cp = 840.0 J/kg. K [9] , and the mass density of glass p = 2.21 x lo3 kg/m3 [8] . Four different configurations have been evaluated. Type A is a TO phase shifter based on a buried waveguide configuration with the vertical dimensions 21 p m for the upper cladding, 8 p m for the core, and 21 p m for the lower cladding. The film heater width is 50 p m [4] . Type B has the same dimensions as type A, except for the film heater width which is set equal to 14 pm. Type C is like type B, but with thinner upper cladding and core. The vertical dimensions of this structure are 7 p m for the upper cladding, 6 p m for the core, 20 p m for the lower cladding, and the structure comprises a 14 p m wide film heater. Type D is like type C, but with a loaded stripline configuration, i.e., the upper cladding is etched except under the film heater (see Fig. 1 ).
For the four different configurations, the temperature at the center of the waveguide has been calculated as a function of time when a square pulse is applied to the heater. The resulting responses have the form of integrated error functions due to the diffusion nature of the problem. To a very good approximation, the integrated error function can be fitted by an exponential function and a time constant (rise time or fall time) can be defined. The rise times and fall times are measured to be equal within the uncertainty range, which is also expected from the linear model that describes the heat flow in the system. Table I shows the calculated rise times for the four different configurations (types A-D) , and the measured rise times for the loaded stripline waveguide (type D from this work) and for the buried waveguide (type A from [4] ). Fig. 2 shows the measured frequency response of the phase shifter, and the calculated frequency response for the four configurations as found from the calculated rise times. The normalized modulation with standard deviation for measured data is plotted as a function of frequency.
From Table I and Fig. 2 , it is observed that the model agrees well with the measured data (type A and type D). The large change in switching time between type B and type C indicates that there are mainly two parameters which affect the switching speed and the power P, necessary to provide a rr phase shift. Most significantly, a smaller total volume of the glass will increase the switching speed because of the smaller heat capacitance. Secondly, a core closer to the heater will decrease the power needed for obtaining the same temperature in the core. There is an additional increase of the switching speed from type C to type D since the load structure provides a stronger confinement of the heatflow than the buried waveguide structure. The difference between the switching times for type A and type B is small indicating that the phase shifter is not very sensitive to the width of the film heater. As a consequence of the effect of these parameters, the switching time for a loaded stripline waveguide structure is about four times smaller than for the buried waveguide structure reported by Sugita et al. [4] (see Table I ). However, the increase in switching speed is obtained with penalty in optical losses. The smaller distance from the core to the heater leads to absorption of the TM polarized light [lo] . Fig. 3 shows contour plots of the temperature in (a) a type A structure and (b) a type D structure. The thermal spreading, defined here as the lateral distance where the temperature rise is one-tenth of the temperature rise at the center of the waveguide core, is found to be 84 p m for the type A structure and 39 p m for the type D structure. This indicates the possibility of having waveguides more closely spaced and thereby minimizing the required space for, e.g., A Mach-Zehnder interferometer. Fig. 3 also shows the difference in core temperature for the two structures.
IV. CONCLUSIONS
We have presented a thermooptic phase shifter fabricated as a single-mode loaded stripline silica waveguide on a silicon substrate with a thin film heater on the top of the load. A rise time of 0.24 ms was measured, which is faster than what has been achieved in TO phase shifters based on buried waveguides. The temperature distribution in the glass was calculated and the model showed good agreement with the measured time response. The increased switching time is contributed to the smaller total glass volume and the shorter distance from the core to the heater. From the model, the lateral heat diffusion in the glass structure was calculated and it was found to be less than in a buried waveguide based TO phase shifter by a factor of two or more. The low lateral heat diffusion enables a higher integration-density of the waveguides.
